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PRODUCTION OF HIGH LEVELS OF DHA IN
MICROALGAE USING MODIFIED AMOUNTS
OF CHLORIDE AND POTASSIUM

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 11/306,370, filed Nov. 29, 2011, which is a
continuation of U.S. patent application Ser. No. 11/738,410,
filed Apr. 20, 2007, which is continuation of U.S. patent
application Ser. No. 11/313,524, filed Dec. 20,2005, U.S. Pat.
No. 7,252,979, which is a divisional of U.S. patent applica-
tion Ser. No. 10/957,075, filed Oct. 1, 2004, now U.S. Pat. No.
7,163,811, which claims the benefit of priority under 35
U.S.C. §119(e) from U.S. Provisional Application Ser. No.
60/508,505, filed Oct. 2, 2003. Each of the above-identified
applications is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

This invention generally relates to methods for production
of highly unsaturated fatty acids by marine microorganisms
using modified amounts of chloride and potassium ion in the
culture medium. More specifically, the invention is directed
to a process for producing high levels of docosahexaenoic
acid (DHA) by culturing marine microalgae, including the
heterotrophic marine dinoflagellate, Crypthecodinium, in fer-
mentors under non-corrosive conditions which includes cul-
turing in a low chloride ion and a high, potassium ion envi-
ronment. This invention also relates to methods for
production of highly unsaturated fatty acids, including DHA,
by marine microorganisms at low pH levels.

BACKGROUND OF THE INVENTION

The beneficial effects of increased dietary intake of long
chain omega-3 fatty acids in humans has been well docu-
mented, which includes the reduction of cardiovascular and
inflammatory diseases (i.e. arthritis and atherosclerosis),
reduction of depression, increasing length of gestation in the
third trimester, and inhibiting tumor growth. Several het-
erotrophic marine microorganisms have been found to pro-
duce high levels of these important essential fatty acids,
including that of genus Crypthecodinium (Jliang and Chen,

Process Biochemistry 35 (2000) 1205-1209; Jiang and
Chen, Journal of Industrial Microbiology & Biotechnology,
(1999) Vol. 23, 508-513; Vazhappilly and Chen, Journal of the
American Oil Chemists Society, (1998) Vol. 75, No. 3 p
393-397; Kyle, U.S. Pat. Nos. 5,407,957, 5,397,591, 5,492,
938; and 5,711,983).

Crypthecodinium cohnii is one of the most desirable organ-
isms to utilize for the production of DHA (C22:6n-3), one of
the most important long chain omega-3 fatty acids. C. cohnii
is advantageous because DHA is the only polyunsaturated
fatty acid (PUFA) produced by this organism in appreciable
quantities. Other organisms produce two or more polyunsatu-
rated fatty acids (PUFAs) in their lipids, and the complexity of
their lipid profile can limit the use of their oils in some food
and pharmaceutical applications (e.g. due to the presence of
other undesirable PUFAs in the oil or due to ratios of the
different PUFAs falling out of the desirable range for the
specific application). In the marine environment, Cryptheco-
dinium cohnii is usually found in full salinity seawater and, as
such, is adapted to growth in an environment with a high
chloride concentration. In fact, most cultures in published
research on C. cohnii show that the growth and DHA produc-
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tion does best at salinities greater than about 20% of seawater
(Jiang and Chen). The chloride ion concentration equivalent
to 20% seawater is about 3870 ppm chloride ion or 3.87 g/l
chloride ion. (Horne 1969).

Tuttle and Loeblich (1975) developed an optimal growth
medium for C. cohnii. The disclosed medium contained a
sodium chloride concentration of 342 millimolar (mM). The
equivalent grams per liter of sodium ion and chloride ion in a
342 mM sodium chloride solution are 7.86 g/LL sodium ion
and 12.12 g/LL of chloride ion.

Beach & Holz (1973) reported that when culturing C.
cohnii over a range of NaCl concentrations (0.3%, 1.8% and
5.0% (1.82 g/1, 10.9 g/l and 30.3 g/l chloride ion, respec-
tively)) lipid yield (expressed as mg per 10° cells) declined as
NaCl concentrations decreased. Lipid yield at 0.3% NaCl was
approximately one third of that at 5.0% NaCl.

More recently, Jiang and Chen (1999) determined the
effects of salinity on cell growth and DHA content with three
strains of Crypthecodinium cohnii and found in all cases that
the optimum growth rates for cells and DHA yields were
between 5 g/I. and 9 g/LL sodium chloride, which corresponds
t0 3.0 and 5.5 g/L. chloride ion, respectively.

The natural chloride concentration of seawater (19,353
ppm, or 19.35 g/1 chloride ion) (Horne 1969, page 151) pro-
motes corrosion in stainless steel fermentors. For example, of
the two common grades of stainless steel used in manufac-
turing fermentors, 304-stainless steel is susceptible to corro-
sion when the chloride level exceeds 300 ppm (0.3 g/ chlo-
ride ion), and 316-stainless steel is susceptible to corrosion
when the chloride level exceeds 1000 ppm (1 g/l chloride
ion). Other grades of stainless steel exist that are more resis-
tant to chloride corrosion, but they are extremely expensive
and generally only used in fermentation equipment employed
for the production of very expensive compounds.

Although it may be predicted that minimizing corrosion of
stainless steel fermentors may be achieved by lowering chlo-
ride concentrations in the culture medium, in practice this is
not an easy task. Marine microalgae, which are derived from
the sea, generally require a certain amount of chloride ion,
preferably as sodium chloride, to maintain growth and lipid
production when grown in culture.

However, attempts to date to grow marine microalgae at
low chloride concentrations while maintaining levels of pro-
duction of omega-3 polyunsaturated fatty acids such as DHA
have been unsuccessful. Jiang and Chen (1999) were unable
to demonstrate significant DHA yields at NaCl levels less
than 5 g/L, corresponding to a chloride level of about 3033
ppm or 3 g/L.

U.S. Pat. No. 6,410,281, issued Jun. 25, 2002, to Barclay,
provides a method for growing euryhaline organisms such as
Thraustochytrium sp. and Schizochytrium sp. in low chloride
media by substituting non-chloride sodium salts to replace
the sodium lost when lowering sodium chloride levels.

There exists a need for a process Which would enable the
production of a high yield of DHA from Crypthecodinium
cohnii, while inhibiting or preventing corrosion in the most
commercially desirable production vessels, stainless steel
culture fermentors. This process would have to enable effec-
tive growth of the microorganism in a medium containing
preferably less than 300 ppm chloride. Three hundred ppm
chloride represents a level 10-18 times lower than the lowest
chloride levels demonstrated by Jiang & Chen (1999) to be
the hest for the production of strains of Crypthecodinium.

Another desirable characteristic of microbial fermenta-
tions is the ability to grow cells at low pH (less than or equal
to about pH=5.0) to inhibit the growth of bacteria in fungal
fermentations. However, the literature indicates that Crypth-
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ecodinium grows best at a neutral pH (about pH 7). Tuttle and
Loeblich in Phycologia Vol. 14(1) 1-8 (1975), disclose that
the pH optimum for Crypthecodinium growth is 6.6, with
growth being “very slow” below pH 5.5. There exists a need
for strains and/or methods of growing Crypthecodinium at

low pH while retaining normal growth and production of
DHA.

SUMMARY OF THE INVENTION

In attempting to minimize sodium chloride levels in culture
medium for Crypthecodinium, where sodium chloride leads
to the problem of corrosion of fermentors, the inventors have
surprisingly discovered that sodium chloride levels can be
reduced by manipulation of the sodium and preferably the
potassium salts in the culture medium to compensate for the
decrease of chloride ion (down to 300 ppm or 0.3 g/L chloride
ion) while maintaining the yield of DHA similar to what is
obtained at about 4.5 g/ NaCl (corresponding to 2.73 g/l
chloride ion).

The present inventors have identified culture conditions
that allow Crypthecodinium to be grown in medium with
substantially lowered chloride levels (down to about 0.3 g/1
chloride ion) without adversely affecting the dry weight, fat
content or DHA content when compared to growth in a nor-
mal “high chloride” medium. Attaining a comparable DHA
yield was not merely a matter of replacing the sodium chlo-
ride in the medium with other sodium salts. In fact, replace-
ment of sodium chloride with an equivalent amount of
sodium from other sodium salts (i.e. sodium sulfate) did not
resultin a DHA yield comparable to the high chloride control
case, but actually resulted in a further decrease in the DHA
yield of the culture. Instead the present inventors surprisingly
found that the best DHA yield was obtained when the potas-
sium concentration (relative to that in seawater at 4.5 g/l NaCl
or 17% of seawater) was significantly increased. It is unex-
pected that a substantial decrease in the amount of sodium and
an increase in potassium concentration would be effective in
compensating for a reduction in the chloride content of the
medium.

In one embodiment, the present invention includes a
method for producing docosahexaenoic acid (DHA) by cul-
turing heterotrophic microalgae of the class Dinophyceae in a
culture medium. The medium comprises chloride ion at a
concentration of less than or equal to about 2 g/1 and potas-
sium ion at a concentration of greater than or equal to about
0.25 g/1. In this embodiment, the microalgae produces at least
about 0.04 g DHA per liter of 7 day culture. A 7 day culture
generally has about 5x10° cells/ml or about 5x10° cells/liter.
Therefore, a culture haying about 0.2 g/l DHA at 7 days
contains about 0.04 g DHA/10° cells. In a preferred embodi-
ment, the microalgae is of the genus Crypthecodinium. A
more preferred microalgae is Crypthecodinium. Preferably
the chloride ion concentration is less than or equal to about 1
g/1, even more preferably less than or equal to about 0.3 g/1.
Preferably, the potassium ion is greater than or equal to about
0.4 g/, and even more preferably is equal to or greater than
about 0.8 g/1. Preferably, the source of potassium ion is potas-
sium sulfate. In a preferred embodiment, the medium farther
comprises a source of sodium ion such that the sodium ion
concentration is from about 1 g/1 to about 8 g/1. More prefer-
ably, the sodium ion is from about 1.5 g/l to about 5 g/l. A
preferred source of sodium ion is sodium sulfate. Included in
the present invention is a biomass produced by this method.

In another embodiment, the present invention includes a
method of producing DHA by culturing heterotrophic
microalgae of the class Dinophyceae in a culture medium.

20

25

30

35

40

45

50

55

60

65

4

The medium comprises chloride ion at a concentration of less
than or equal to about 2 g/1, potassium ion at a concentration
of greater than or equal to about 0.25 g/l and sodium ion
present in a ratio of less than or equal to about 27:1 wt:wt
sodium: potassium. In this embodiment, the microalgae pro-
duces at least about 0.2 g DHA per liter 7 day culture or 0.04
g DHA/10° cells. In a preferred embodiment, the microalgae
is of the genus Crypthecodinium. A more preferred microal-
gae is Crypthecodinium cohnii. Preferably, the chloride ion
concentration is less than or equal to about 1 g/l, even more
preferably less than or equal to about 0.3 g/1. Preferably, the
potassium ion is greater than or equal to about 0.4 g/, and
even more preferably is equal to or greater than about 0.8 g/1.
Preferably, the source of potassium ion is potassium sulfate.
The medium further comprises a source of sodium ion such
that the sodium ion is present in the medium in a ratio of less
than 27 times (by weight) the weight of the potassium ion
(expressed as 27:1 sodium:potassium wt:wt.). In a preferred
embodiment, the sodium:potassium ratio is less than about
15:1. More preferred is a sodium:potassium ratio of about
4:1. A preferred source of sodium ion is sodium sulfate.
Included in the present invention is a biomass produced by
this method.

The present inventors have also identified culture medium
conditions and strains that allow Crypthecodinium to be
grown in medium with substantially lowered pH levels, while
still maintaining a commercially practical rate of growth and
production of lipid, including DHA. In another embodiment,
the present invention includes a method of producing DHA
by culturing heterotrophic microalgae of the class Dino-
phyceae in a culture medium, wherein the culture medium has
a pH of less than about 6, and wherein the microalgae pro-
duces at least about 0.04 g DHA/10° cells. The medium may
further comprise chloride ion at a concentration of less than or
equal to about 2 g/l, potassium ion at a concentration of
greater than or equal to about 0.25 g/l and sodium ion present
in a ratio of less than or equal to about 27:1 wt:wt sodium:
potassium. In this embodiment, the microalgae produces at
least about 0.04 g DHA/10° cells. In a preferred embodiment,
the microalgae is of the genus Crypthecodinium. A more
preferred microalgae is Crypthecodinium cohnii. In a pre-
ferred embodiment, the pH is less than or equal to about pH
5.5, more preferably is less than or equal to about 5.0, and
even more preferably less than or equal to about 4.5. In a
preferred embodiment, the medium further comprises chlo-
ride ion concentration at less than or equal to about 2 g/l,
preferably less than or equal to about 1 g/1, even more pref-
erably less than or equal to about 0.3 g/l. The medium also
comprises potassium ion at concentrations greater than or
equal to about 0.25 g/1, greater than or equal to about 0.4 g/1,
and even more preferably is greater than or equal to about 0.8
g/1. Preferably, the source of potassium ion is potassium sul-
fate. In a preferred embodiment, the medium further com-
prises a source of sodium ion such that the sodium ion con-
centration is from about 1 g/ to about 8 g/1. More preferably,
the sodium ion is from about 1.5 g/l to about 5 g/1. A preferred
source of sodium ion is sodium sulfate. Included in the
present invention is a biomass produced by this method.

The present invention also includes a method for the selec-
tion of alow pH tolerant heterotrophic microalgae of the class
Dinophyceae, comprising subculturing said microalgae in
low pH media until the yield of DHA is greater than or equal
to about 0.04 g DHA/10° cells. In a preferred embodiment,
the pH is less than or equal to about 6, is less than or equal to
about 5, is less than or equal to about 4.5. Included in the
present invention is microalgae and a biomass produced by
this method.
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These and other objects, features, and advantages of the
invention will become apparent from the following best mode
description, the drawings and the claims.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a graphical representation of a time course of
DHA vyield for duplicates of C. cohnii strain T-HF grown at
pH 6.3 and 3 g/1 chloride ion (denoted pH 6.3 SSM) and C.
cohnii strain T-HF, adapted to low pH, grown atpH 5 and 1 g/1
chloride ion (denoted pH 5.0 LCSSI).

FIG. 2 is a graphical representation of a time course of
DHA vyield for duplicates of C. cohnii strain T-HF grown at
pH 6.3 and 3 g/1 chloride ion (denoted pH 6.3 SSM) and C.
cohnii strain T-HF, adapted to low pH, grown at pH 4.5 and 1
g/1 chloride ion (denoted pH 5.0 LCSSI).

DESCRIPTION OF THE INVENTION

The present invention solves the above-identified problem
of corrosion of fermentors caused by high sodium chloride
levels used for the growth of marine microalgae of the class
Dinophyceae. The inventors have discovered culture media
components which allow for commercially viable levels of
growth of marine microalgae of the class Dinophyceae and
production of DHA under low sodium chloride conditions, by
using modified amounts of chloride and potassium ion in the
culture medium. More specifically, the inventors have discov-
ered that the loss of sodium caused by reducing sodium chlo-
ride to non-corrosive levels may be at least partially offset by
increasing potassium levels in the culture media.

The present invention also solves the above-identified
problem of allowing for growth of a marine microalgae of
class Dinophyceae while simultaneously discouraging
growth of bacteria. More specifically, the present invention
provides methods to culture marine organisms such that they
become tolerant to low pH. The present invention also pro-
vides strains of such microorganisms which are tolerant to
low pH. Low pH-tolerant strains provided by the inventors
can, at low pH levels, grow to cell densities and achieve DHA
production levels comparable to that achieved by strains
growing at more neutral pH levels. This is only one example
of the technology encompassed by the invention, as the con-
cepts of the invention can readily be applied to other produc-
tion organisms and other desired PUFAs as described in detail
below.

One embodiment of the present invention includes a
method to produce docosahexanenoic acid (DHA) by cultur-
ing heterotrophic microalgae of the class Dinophyceae in a
culture medium which includes the following components:
chloride ion at a concentration of less than about 2 g/I., and
potassium ion at a concentration of greater than about 0.25
g/L, where the microalgae produce at least about 0.2 g of
DHA per liter of 7-day culture. The 7 day culture generally
has 5x10° cells/ml resulting in about 0.04 g DHA/10° cells. In
preferred embodiments, the heterotrophic microalgae pro-
duce at least about 0.04 g DHA/10° cells, at least about 0.06
g DHA/10° cells, at least about 0.08 g DHA/10° cells, at least
about 0.10 g DHA/10° cells, at least about 0.12 g DHA/10°
cells, at least about 0.14 g DHA/10° cells, at least about 0.16
g DHA/10° cells, at least about 0.18 g DHA/10° cells, at least
about 0.20 g DHA/10 ° cells, at least about 0.22 g DHA/10°
cells, at least about 0.24 g DHA/10° cells, at least about 0.26
g DHA/10° cells, at least about 0.28 g DHA/10° cells, or at
least about 0.30 g DHA/10° cells. As used herein, reference to
a nutrient concentration in a culture medium refers to the
concentration of nutrients in the medium at the beginning of
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the step of culturing, which includes any nutrients carried
over from previous stages in the process, such as preparation
of an inoculum.

Microorganisms suitable for the present invention include
heterotrophic microalgae, which include members of the
class Dinophyceae (dinoflagellates). A preferred member of
this class is a member of the genus Crypthecodinium. A
preferred member of the genus Crypthecodinium is C. cohnii,
Crypthecodinium cohnii is an obligate heterotroph requiring
a reduced carbon source for growth, and contains a fatty acid
profile in which DHA is the only polyunsaturated fatty acid
present in appreciable quantities. Suitable organisms can be
obtained from a number of publicly available sources, includ-
ing by collection from the natural environment. For example,
the American Type Culture Collection currently lists forty-
five available strains of Crypthecodinium cohnii, identified as
ATCC Nos. 30021, 30334-30348, 30541-30543, 30555-
30557, 30571, 30572, 30772-30775, 30812, 40750, 50050-
50060, and 50297-50300. As used herein, any microorgan-
ism, or any specific type of organism, includes wild strains,
mutants, or recombinant types.

Apart from the sodium, chloride and potassium concentra-
tions which are the subject of the present invention and dis-
cussed more fully below, other components of media of the
present invention can be any components known in the art that
promote the growth and production of DHA at commercially
practicable levels, and include components such as those
disclosed in U.S. Pat. Nos. 5,130,242, 5,407,957, 5,397,591,
5,492,938; and 5,711,983, all of which are incorporated by
reference herein in their entirety. More specifically, a source
of carbon, such as glucose, various starches, molasses,
ground corn and the like may be used. A source of assimilable
organic or inorganic nitrogen is also included in the culture
media. Nitrogen sources may include nitrate, urea, ammo-
nium salts, amino acids and the like. A source of assimilable
phosphorous may also be provided. The medium also may
contain a source of microbial growth factors, which are
unspecified or specified compounds that enhance the het-
erotrophic growth of unicellular microorganisms, and may
include yeast or other extracts, soil extracts, and the like.
Specific examples of growth media for C. coknii and related
organisms, for example, may also be found in Jiang and Chen,
Process Biochemistry 35 (2000) 1205-1209; Jiang and Chen,
Journal of Industrial Microbiology & Biotechnology, (1999)
Vol. 23, 508-513; Vazhappilly and Chen, Journal of the
American Oil Chemists Society, (1998) Vol. 75, No. 3 p
393-397. Specific examples of preferred media to use with the
present invention may be found in, for example, the Examples
section herein below.

Inoneaspect of the media of the present invention, chloride
ion concentrations are present in a concentration of less than
or equal to about 2000 ppm or about 2 grams per liter of
culture, more preferably less than or equal to about 1.9 g/l,
more preferably less than or equal to about 1.8 g/l, more
preferably less than or equal to about 1.7 g/, more preferably
less than or equal to about 1.6 g/1, more preferably less than or
equal to about 1.5 g/1, more preferably less than or equal to
about 1.4 g/1, more preferably less than or equal to about 1.3
g/1, more preferably less than or equal to about 1.2 g/, more
preferably less than or equal to about 1.1 g/, more preferably
less than or equal to about 1.0 g/1, more preferably less than or
equal to about 0.9 g/1, more preferably less than or equal to
about 0.8 g/1, more preferably less than or equal to about 0.7
g/1, more preferably less than or equal to about 0.6 g/, more
preferably less than or equal to about 0.5 g/1, more preferably
less than or equal to about 0.4 g/, and most preferably less
than or equal to about 0.3 g/1. In alternative embodiments, the
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minimum chloride concentration is at least about 0.025 g/1, at
least about 0.05 g/1, or at least about 0.1 g/1. The chloride ion
component of the media is preferably derived from a chloride
salt, with a preferred salt being sodium chloride. Other
sources of chloride in the media include potassium chloride
and calcium chloride. Sources of chloride ion may include
more than one chloride-containing compound in the media,
and may include hydrochloric acid which may be used to
adjust pH of the media, as well as MnCl, and FeCl,.

In another aspect of the media of the present invention, the
potassium ion concentration is greater than about 0.25 g/L..
Potassium ion is generally present at low levels in seawater,
being approximately 0.38 g/1 seawater. Culture media known
in the art for growth of marine microalgae closely follows the
composition of seawater, with levels of potassium ion gener-
ally being the same or less. For example, Tuttle and Loeblich
(1975) disclose 9 mM KCl, which is the equivalent of
approximately 0.35 g/l potassium ion. In Handbook of Phy-
cological Methods (Janet R. Stein, Ed., Cambridge Univer-
sity Press, 1973), potassium ion in the media is disclosed to be
9.83 mM as potassium chloride, which is the equivalent of
approximately 0.36 g/I potassium ion. In one embodiment,
the present invention includes potassium ion at a concentra-
tion of greater than about 0.39 g/1. The present inventors have
found that, once potassium ion is greater than a threshold
level, cultures are relatively insensitive to the precise concen-
tration of potassium ion, growing well and yielding commer-
cially viable levels of DHA at a range of potassium ion
concentrations. Preferably, the lower range of potassium ion
concentration is at least about 0.2 g/1, at least about 0.25 g/1,
at least about 0.3 g/1, at least about 0.35 g/, at least about 0.4
g/1, at least about 0.45 g/1, at least about 0.5 g/l, at least about
0.6 g/1, and at least about 0.7 g/1. Preferably, the upper range
of the potassium ion concentration is at most about 10 g/1, at
most about 6 g/, at most about 4 g/1, at most about 3 g/l, at
most about 2.8 g/1, at most about 2.6 g/1, at most about 2.4 g/1,
at most about 2.2 g/, atmost about 2 g/1, at mostabout 1.9 g/1,
at most about 1.8 g/1, at most about 1.7 g/1, at most about 1.6
g/l, at most about 1.5 g/l, and at most about 1 g/l. Most
preferred concentrations of potassium ion are about 0.75 g/1,
0.8 g/1, 0.85 g/1, 0.9 g/1, and 0.95 g/l. Preferable ranges for
potassium ion are between about 0.45 g/l and about 1.5 g/1;
more preferably between about 0.5 g/l and about 1.2 g/1; more
preferably between about 0.6 g/l and about 1 g/1; even more
preferably between about 0.7 g/l and about 0.9 g/1; and most
preferably about 0.8 g/1.

The source of potassium ion can be from any potassium salt
compatible with cell culture and microalgae of the class Dino-
phyceae in particular. Potassium ion may be derived from a
mixture of salts in the media. Preferred potassium salts
include potassium chloride, potassium sulfate, potassium
acetate, potassium bicarbonate, potassium phosphate, among
others. A preferred source of potassium ion is potassium
sulfate.

In one aspect of the present invention, the amount of DHA
yield from the cultures at harvest is greater than the amount of
DHA vyield from cultures not grown in media of the present
invention. In one embodiment, the DHA yield using low
chloride concentrations using processes of the present inven-
tion is at least 0.2 gram DHA per liter of 7-day culture or 0.04
g DHA/10° cells.

In another aspect of the present invention, the media will
also contain additional sources of sodium ion other than
sodium chloride. The present inventors have found that
sodium ion levels are not critical to the present invention.
Cultures of marine organisms of the present invention are
relatively insensitive to the precise concentration of sodium

20

25

30

35

40

45

50

55

60

65

8

ion, growing well and yielding commercially viable levels of
DHA at a range of sodium ion concentrations. Many different
sources of sodium ion are compatible with the present inven-
tion, including sodium sulfate, sodium carbonate, sodium
hydrogen carbonate, and sodium acetate. A preferred source
of additional sodium ion is sodium sulfate. In a preferred
embodiment, the medium contains at least about 1 g/l sodium
ion up to about 8 g/l sodium ion. At the lower end of the range,
preferred sodium ion concentration is at least about 1 g/1, at
least about 1.5 g/l, at least about 2 g/1, and at least about 2.5
g/1. Preferably, the upper range of the sodium ion concentra-
tion is at most about 15 g/1, at most about 12 g/1, at most about
10 g/1, at most about 9 g/1, at most about 8 g/1, at most about
7 g/1, at most about 6 g/1, at most about 5.5 g/1, at most about
5 g/1, atmost about 4.5 g/1, at most about 4 g/1. Most preferred
concentrations of sodium ion are about 2.75 g/1,3 g/1,3.25 g/1,
3.5 g/l, and 3.75 g/l. Preferable ranges for sodium ion are
between about 1.5 g/l up to about 7.5 g/1, even more preferred
is about 2.0 g/1 up to about 6 g/, and even more preferred is
more than about 2.5 g/l up to about 5 g/1. In the most preferred
embodiments, sodium ion is at least about 3 g/ to about 3.5
g/1. The most preferred level of sodium is about 3.25 g/l. As
described previously, the cultures are relatively insensitive to
the precise levels of sodium, and therefore even higher levels
may be used. However, once sodium levels above about 8 g/1
are used, the culture yields begin to drop slightly.

In another embodiment, the present invention includes a
method of producing DHA by culturing heterotrophic
microalgae of the class Dinophyceae in a culture medium.
The medium comprises chloride ion at a concentration of less
than or equal to about 2 g/1, potassium ion at a concentration
of greater than or equal to about 0.25 g/l and sodium ion
present in a ratio of less than or equal to about 27:1 wt:wt
sodium: potassium. In this embodiment, the microalgae pro-
duces at least about 0.2 g DHA per liter 7 day culture or 0.04
g DHA/10° cells. In this embodiment, the culture medium
contains sodium ion in a ratio with potassium ion of less than
or equal to about 27:1, weight:weight. In seawater, the
sodium ion to potassium ion ratio is approximately 27.3:1. In
other words, the amount of sodium ion is about 27.3 times
higher than the amount of potassium ion. In the present inven-
tion, the inventors have found that increasing the potassium
ion relative to the sodium ion increases the yield of DHA from
the culture. A preferred ratio of sodium ion to potassium ion
less than or equal to about 27:1, less than or equal to about
25:1, less than or equal to about 23:1, less than or equal to
about 21:1, less than or equal to about 19:1. More preferred
are ratios of less than or equal to about 17:1, less than or equal
to about 15:1, less than or equal to about 13:1, less than or
equal to about 11:1. Even more preferred are ratios of less
than or equal to about 9:1, less than or equal to about 7:1, or
less than or equal to about 5:1. A preferred ratio is about 4:1.

In another embodiment, the present invention includes a
method of producing DHA by culturing heterotrophic
microalgae of the class Dinophyceae in a culture medium,
wherein the culture medium has a pH of less than about 6, and
wherein the microalgae produces atleast about 0.2 g DHA per
liter of 7 day culture or 0.04 g DHA/10° cells. In a preferred
embodiment, the pH is less than or equal to about 5.5, and
more preferably less than or equal to about 5. In a preferred
embodiment, the pH is less than or equal to about 4.5. In a
preferred embodiment, the medium further comprises chlo-
ride ion concentration at less than or equal to about 2 g/l,
preferably less than or equal to about 1 g/1, even more pref-
erably less than or equal to about 0.3 g/l. The medium also
preferably comprises potassium ion at concentrations greater
than or equal to about 0.25 g/1, greater than or equal to about
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0.4 g/, and even more preferably is greater than or equal to
about 0.8 g/1. Preferably, the source of potassium ion is potas-
sium sulfate. In a preferred embodiment, the medium further
comprises a source of sodium ion such that the sodium ion
concentration is from about 1 g/1 to about 8 g/1. More prefer-
ably, the sodium ion is from about 1.5 g/l to about 5 g/l. A
preferred source of sodium ion is sodium sulfate. Included in
this embodiment is a biomass produced by this method.

In another embodiment, the present invention includes a
method for the preparation of low pH tolerant strains of
species of the class of Dinophyceae and strains produced
thereby. Methods include preparation of low pH media and
subculturing the desired Dinophyceae species until the cul-
ture produces a desired amount of DHA.. Subculturing may be
carried out in the following manner. An inoculum of the
desired Dinophyceae species is placed in the low pH media
and allowed to grow a defined amount of time, preferably 7
days. The amount of time is not critical, but should be chosen
such that the strain has sufficient time to grow, but before it
reaches senescence. The yield of DHA of the culture is cal-
culated. If less than the desired amount, additional subcultur-
ing is performed in the following manner. Fresh low pH
media is prepared and inoculated with the low pH cultivated
culture, and incubated for an appropriate amount of time. The
yield of DHA of'the culture is calculated. If the yield of DHA
is less than the desired amount, subculturing is repeated until
the desired yield of DHA is achieved. A preferred pH to select
tolerance for is at or below about 6, more preferably at or
below about 5.5, even more preferably at or below about 5,
and even more preferably at or below 4.5. Media in which to
carry out this method is any culture media known in the art,
with the pH adjusted to the desired levels. A preferred media
in which to carry out the subculturing is the media described
in Example 1.

The present invention also includes a biomass produced by
one of the methods of the invention.

Cultivation conditions consistent with the organisms and
methods of the present invention may be accomplished by
methods known in the art and include the methods disclosed
in U.S. Pat. Nos. 5,130,242, 5,407,957, 5,397,591, 5,492,
938; and 5,711,983, and optimal conditions may readily be
determined by those skilled in the art. Briefly, cultivation may
be accomplished in any suitable fermentor, preferably in
either a stirred tank fermentor or an air lift fermentor, which
provide a source of oxygen to the microorganisms. The agi-
tation of the microorganism should be maintained at a level
such that while dissolved oxygen concentrations are suffi-
cient to support the growth of the culture and production of
DHA, the agitation does not shear or otherwise damage the
microorganisms. Preferred levels of dissolved oxygen are at
least 10% of air saturation level. More preferably, levels of
dissolved oxygen are maintained from about 10% to about
50% of air saturation levels.

Cultivation may be carried out at any life-sustaining tem-
perature. Generally, microorganisms will grow at tempera-
tures ranging from about 15° C. to about 34° C. Preferably the
temperature is maintained at about 20° C. to about 28° C.

The organisms may be harvested by conventional means,
known to those of skill in the art, such as centrifugation,
flocculation, or filtration, and can be processed immediately
or dried for future processing. In either event, lipid may be
extracted. As used herein, the term “lipid” includes phospho-
lipids; free fatty acids; esters of fatty acids; triacylglycerols;
diacylglycerides; monoacylglycerides; lysophospholipids;
soaps; phosphatides; sterols and sterol esters; carotenoids;
xanthophylls (e.g., oxycarotenoids); hydrocarbons; and other
lipids known to one of ordinary skill in the art. As is well
understood by the skilled artisan, the DHA referred to in the
present invention can be in the form of these various lipids,
and is not limited to the tree fatty acid. Different types or
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components of the lipids can be extracted, depending on the
extraction technique that is used. Lipids can be extracted with
an effective amount of solvent. Suitable solvents can be deter-
mined by those of skill in the art. Polar lipids (e.g., phospho-
lipids) are generally extracted with polar solvents (e.g., chlo-
roform/methanol) and neutral lipids (e.g., triacylglycerols)
are generally extracted with nonpolar solvents (e.g., hexane).
A preferred solvent is pure hexane. A suitable ratio of hexane
to dry biomass is about 4 liters of hexane per kilogram of dry
biomass. The hexane preferably is mixed with the biomass in
a stirred reaction vessel at a temperature of about 50° C. for
about 2 hours. After mixing, the biomass is filtered and sepa-
rated from the hexane containing the oil. The hexane is
removed from the oil by distillation techniques known to
those of skill in the art. Conventional oilseed processing
equipment is suitable to perform the filtering, separation and
distillation. Additional processing steps, known to those of
skill in the art, can be performed if required or desirable for a
particular application. Alternative methods for lipid recovery
are described in the following references which are incorpo-
rated by reference herein in their entirety: PCT Publication
WO 0176715, entitled “Method for the Fractionation of Oil
and Polar Lipid-Containing Native Raw Materials”; PCT
Publication WO 0176385, entitled “Method For The Frac-
tionation Of Oil And Polar Lipid-Containing Native Raw
Materials Using Alcohol And Centrifugation”; PCT Publica-
tion WO 0153512, entitled “Solventless Extraction Process.”

The present invention, while disclosed in terms of specific
organisms and methods, is intended to include all such meth-
ods and strains obtainable and useful according to the teach-
ings disclosed herein, including all such substitutions, modi-
fications, and optimizations as would be available expedients
to those of ordinary skill in the art. The following examples
and test results are provided for the purposes of illustration
and are not intended to limit the scope of the invention.

EXAMPLE 1

This Example describes the preparation of Standard
Screening Medium (SSM) with 4.5 g/1 NaCl. To prepare the
media, the first step includes adding the following com-
pounds to distilled water to 90% of final desired volume as
shown in Table 1. All compounds are available from Sigma
Aldrich, St. Louis, Mo.

TABLE 1
Amounts and Final Concentrations of media before autoclaving
Amount Amount Amount
chloride potassium  sodium
Final ion added ionadded ion added
Compound Concentration (g/D) (g/l) (g/D)
CaCl,—2H,0! 0.3 g/l 0.09
MgSO,—T7H,0 1.25 gl
NaCl 4.5 gl 3 1.5
MES 10.7 gl
MSG 1.5 gl
Tastone 154 0.5 g/l
KH,PO, 0.014 g/l 0.004
KcCl 0.14 g/l 0.067 0.073
CuS0,—5H,0 0.15x1073 gl
CoClL,—6H,0 03x1073 g/l negligible
H,BO, 10x 1073 g/l
MnClL,—4H,0 45x1072 g/l negligible
ZnSO,—7H,0 0.3%x107% g/l
NaOH (to 1.16 gl 0.67
adjust
pH to 6.3)
FeCl,? 6x 1072 g/ml negligible
Thiamine? 1x1073 gl
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TABLE 1-continued

Amounts and Final Concentrations of media before autoclaving

Amount Amount Amount
chloride potassium  sodium
Final ion added ionadded ion added
Compound Concentration (g/D) (g/l) (g/D)
Biotin? 2x 1076 g/l
glucose* 50 g/l
total of 3.16 0.08 2.17
each ion

ICaleium chloride dihydrate is 244 g/mol with 28.7% chloride.

Zstock solution autoclaved separately and added in a sterile manner to media post-autoclave;
made fresh every two weeks.
3stock solution filter sterilized through a 0.2 micron filter; stored at 4° C. in the dark. Added
in a sterile manner to media post-autoclave.

stock solution autoclaved separately. Added in a sterile manner to media post-autoclave.

Bring autoclaved media up to 100% volume with sterile
water. For screening experiments, 35 ml of SSM media is
added to sterile 250 ml Erlenmeyer flasks. 1 ml of inoculum
is added per flask for an initial cell concentration of 1x10°
cells per ml. Inoculum is of 5-6 day old culture. Cultures are
grown at 26.5° C. on a rotary shaker at 135 rpm.

EXAMPLE 2

This Example describes the preparation of 1000 ppm chlo-
ride ion Screening Medium (SSM) with 1.41 g/l NaCl (that
together with calcium chloride and potassium chloride results
in approximately 1000 ppm, 1 g/l chloride ion). To prepare
the media, the first step includes adding the following com-
pounds to deionized distilled water to 90% of final desired
volume as shown in Table 2. All compounds are available
from Sigma Aldrich, St. Louis, Mo.

TABLE 2

Amounts and Final Concentrations of media before autoclaving

Amount  Amount  Amount
chloride potassium  sodium
Final ion added ionadded ion added
Compound Concentration (g/D) (g/l) (g/D)
CaCl,—2H,0 0.3 gl 0.09
MgSO,—T7H,0 1.25 g/l
NaCl 1.41 g/l 0.85 0.47
MES 10.7 g/l
MSG 1.5 gl
Tastone 154 0.5 g/l
KH,PO, 0.014 g/l 0.004
KcCl 0.14 g/l 0.067 0.073
CuSO,—5H,0 0.15x1073 g/l
CoCl,—6H,0 0.3x1073 g/l negligible
H;BO; 10x 1073 g/l
MnCl,—4H,0 4.5x 1072 g/l negligible
ZnSO,—TH,0 03x 107 g/l
NaOH (to 1.6 g/l 0.67
adjust
pHto 6.3)
FeCl,! 6x 1073 g/l negligible
Thiamine? 1x1073 g/l
Biotin? 2x 1076 g/l
glucose® 50 g/l
total of 1.00 0.08 1.14
each ion

Istock solution autoclaved separately and added in a sterile manner to media post-autoclave;
made fresh every two weeks.

stock solution filter sterilized through a 0.2 micron filter; stored at 4° C. in the dark. Added
in a sterile manner to media post-autoclave.

stock solution autoclaved separately. Added in a sterile manner to media post-autoclave.

Bring autoclaved media up to 100% volume with sterile
water. For screening experiments, 35 ml of SSM media is
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added to sterile 250 ml Erlenmeyer flasks. 1 ml of inoculum
is added per flask for an initial cell concentration of 1x10°
cells per ml. Inoculum is of 5-6 day old culture. Cultures are
grown at 26.5° C. on a rotary shaker at 135 rpm.

EXAMPLE 3

This Example describes the preparation of 300 ppm chlo-
ride ion Screening Medium (SSM) with 0.211 g/l NaCl (that
together with calcium chloride and potassium chloride results
in 0.3 g/l chloride ion). To prepare the media, the first step
includes adding the following compounds to deionized dis-
tilled water to 90% of final desired volume as shown in Table
3. All compounds are available from Sigma Aldrich, St.

Louis, Mo.

TABLE 3
Amounts and Final Concentrations of media before autoclaving
Amount Amount Amount
chloride potassium  sodium
Final ion added ionadded ion added
Compound Concentration (g/D) (g/l) (g/D)
CaCl,—2H,0 0.3 gl 0.09
MgSO,—T7H,0 1.25 g/l
NaCl 0.211 g/l 0.13 0.07
MES 10.7 g/l
MSG 1.5 gl
Tastone 154 0.5 g/l
KH,PO, 0.014 g/l 0.004
KcCl 0.14 g/l 0.067 0.073
CuS0,—5H,0 0.15%x 1073 g/l
CoCl,—6H,0 0.3x 1072 g/l negligible
H;3BO, 10x 1073 g/l
MnClL,—4H,0 4.5%x 1073 g/l negligible
ZnsS0,—7H,0 03x1073 g/l
NaOH (to 1.16 g/l 0.67
adjust
pH to 6.3)
FeCl,! 6x 1072 g/l negligible
Thiamine? 1x1072 gl
Biotin? 2x107° g/l
glucose? 50 g/l
total of 0.30 0.08 0.74
each ion

Istock solution autoclaved separately and added in a sterile manner to media post-autoclave;
made fresh every two weeks.

?stock solution filter sterilized througha 0.2 micron filter; stored at 4° C. in the dark. Added
in a sterile manner to media post-autoclave.

3stock solution autoclaved separately. Added in a sterile manner to media post-autoclave.

Bring autoclaved media up to 100% volume with sterile
water. For screening experiments, 35 ml of SSM media is
added to sterile 250 ml Erlenmeyer flasks. 1 ml of inoculum
is added per flask for an initial cell concentration of 1x10°
cells per ml. Inoculum is of 5-6 day old culture. Cultures are
grown at 26.5° C. on a rotary shaker at 135 rpm.

EXAMPLE 4

This Example describes the procedure for Growth and
Harvest of Crypthecodinium cohnii in pH 6.3 SSM.

SSM media was prepared as described in one of Examples
1-3, depending on which media was being tested. Additional
media components were prepared and added to a media as
described in Examples 1-3. All steps prior to harvest were
carried out in sterile conditions.

To prepare the inoculum culture, the following procedures
were used. To a 250 ml Erlenmeyer flask, 49 ml of SSM
(described in Example 1) were added to a 250 ml Erlenmeyer
flask. 1 ml of a five day old culture of C. cohnii Strain T-HF
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(Strain T-HF identifies the organism ATCC 40750 that has
been repeatedly cultured) was added. The culture flask was
placed on a shaker rotating at 135 rpm in a 27° C. incubator
with no lights. After three days of growth, the culture is
moved to a sterile hood and 1 ml is removed and counted
using a Coulter Counter (Coulter Z2 Particle Count and Size
Analyzer, obtained from Beckman Coulter, Inc.). The cell
count is used to calculate the amount of the inoculum culture
that must be used to start a new 50 ml culture at a cell density
of 1.0x10° cells per ml.

To test the different media components, an appropriate
media was prepared as described below and introduced into a
sterile 250 ml Erlenmeyer flask. The amount of inoculum as
previously calculated was transferred into the culture flask
containing the media prepared in the Erlenmeyer flask. The
culture flask was placed on a shaker rotating at 135 rpm in a
27° C. incubator with no lights. After seven days of growth,
the culture was harvested as follows.

A 50 ml centrifuge tube (obtained from VWR Scientific)
was labeled and weighed for each culture. Another 50 ml
centrifuge tube was labeled, but not weighed, for each cul-
ture. The culture was then poured into the labeled 50 ml tube.
Volumes were recorded and cell counts performed with the
Coulter 72 Particle Count and Size Analyzer. The pH was
measured.

Half the culture was poured into the tared 50 ml tube, and
a70% solution of isopropyl rubbing alcohol (IPA) was added
to bring the total volume in the tube to 50 ml. The culture was
mixed by inverting the tube two to three times. The culture
was then centrifuged at 4000 rpm for five minutes using a
Sorvall General Purpose RC-3 Centrifuge. The supernatant
was poured off. The other half of the culture was poured on
top of the pellet and the steps were repeated starting with the
70% solution of the IPA. The pellet was then washed two
times with 39% IPA using the following procedure: to cell
pellet, add 35 mI 39% IPA; vortex the tube (using a Vortex
Genie-2 from VWR Scientific) at full speed for 10 seconds;
after collection, the pellet was then freeze-dried for at least 48
hours.

The tube containing the pellet (biomass) was weighed and
the dry weight of the biomass was calculated. Dry weight was
calculated as follows: determine the weight of the tube con-
taining the biomass minus the tare weight of the tube. Divide
this number by the recorded volume of culture at harvest,
divided by 1000.

Fatty acid composition (and % DHA) may be determined
according to procedures disclosed in Morrison and Smith,
“Preparation of Fatty Acid Methyl Esters and Dimethylac-
etals from Lipids with Boron Fluoride-Methanol”, Journal of
Lipid Research, Vo. 5, 1964, and the American Oil Chemist’s
Society Official Methods used to quantitate long chain fatty
acids and eicosapentaenoic acid (EPA) and DHA in marine
oils (Method Celb-89), Briefly, the samples are mixed with
standard amounts of oil (internal standards), saponified with
0.5 N methanolic sodium hydroxide, and derivatized with
boron trifluoride/methanol. The fatty acid methyl esters are
extracted and analyzed on a gas chromatograph with flame
ionization detector (Hewlett Packard 5890 Series II Plus gas
chromatograph using a 30 mx0.25 mmx0.25 um Restek
FAMEWAX #12497 column).

EXAMPLE 5

This Example describes the growth of C. coknrii and the
production of DHA at low NaCl levels using prior art media.
One liter of SSM not containing NaCl was made and auto-
claved. Four stocks of concentrated NaCl were prepared (135
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14
g/1,90g/1,45 g/1, and 22.5 g/1). To each shake flask containing
48.75 ml of SSM minus NaCl media and 1.25 ml of the
appropriate NaCl stock was added. Two controls were set up:
4.5 g/1 NaCl using normal SSM as described in Example 1,
and no NaCl using SSM with no added NaCl. Duplicates of
each NaCl level were used,

Growth and harvest was performed as described in
Example 4. Table 5 describes the results of this Example. All
numbers are given as an average of two cultures.

TABLE 5

Biomass, % DHA, % Fat, and DHA yield for C. cohnii
grown in SSM containing lowered amounts of NaCl.

g/l g/l chloride biomass dry % DHA % fat in
NaCl ion? weight g/l in fat (wt/wt)  biomass (wt/wt)
4.5 2.73 3.53 51.63 5245
3.38 2.05 3.66 51.55 47.83
2.25 1.37 3.85 52.19 48.40
1.73 0.68 2.73 54.65 54.59
0.56 0.34 2.70 55.48 48.81
0 0 1.99 51.00 34.19

'Reflects amount of chloride ion (0.20 g/1) from sodium chloride only. See Examples 1-3.

Table 5 shows the yield of biomass, % fat, and DHA yield
for C. cohnii grown in SSM containing lowered amounts of
NaCl. It can be seen that as the amount of NaCl added into the
culture decreases, both biomass yield and fat levels
decreased, resulting in a lowered yield of DHA.

EXAMPLE 6

This Example describes the yield of DHA achieved with
4.5 g/l NaCl in the culture medium described in Example 1.

Cultures were grown as described in Example 4. Table 6
shows the results of this Example.

TABLE 6

Biomass, % DHA, % Fat, and DHA yield for C. cohnii grown in SSM of
Example 1

% DHA in
fat
(wt/wt)

% fatin  biomass
biomass dry weight
(wt/wt) (g/D)

3.1

(g
sodium
chloride

D)
sodium
sulfate

(g/h
chloride!
ion

(g
sodium
ion

4.5 g/l 2.73 1.77 53.9 65.03

'Reflects amount of chloride ion from sodium chloride only

EXAMPLE 7

This Example describes enhanced growth of C. cohnii and
production of DHA in low chloride media using various con-
centrations of potassium ion and sodium ion in the form of
potassium sulfate and sodium sulfate.

Low chloride SSM was prepared in the manner described
in Example 3, using 0.18 g/1 calcium acetate and omitting
calcium chloride and potassium chloride. Every possible
combination of K,SO, concentrations 0f0.16 g/1,0.80 g/1, 1.6
g/l, 3.2 g/, and 4.8 g/l were tested against Na,SO, concen-
trations 0f 4.9 g/1, 9.8 g/1, 14.7 g/1, 19.6 g/1, and 24.5 g/l using
a two dimensional matrix. All cultures were grown as
described in Example 4. The results are presented in Table 7.
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TABLE 8

Comparison of the biomass, % DHA, % Fat, and DHA yield obtained for
C. cohnii grown in media with varying concentrations of potassium sulfate
and sodium sulfate

% Fat

Sodium % DHA in

g/L g/l ion'!  Potassium DW  infat biomass

Flask XK,SO, Na,SO, (g/l) ion(g/l) gL (wtwt) (wtwt)
1 0.16 4.90 1.77 0.07 2.55 5797  60.80
2 0.16 9.80 3.35 0.07 1.53 5239 4145

3 0.16 14.70 4.93 0.07 — — —
4 0.16 19.60 6.53 0.07 0.75  42.88 13.28
5 0.16 24.50 8.11 0.07 0.71  41.46 12.11
6 0.80 4.90 1.77 0.36 3.79 56.76  63.19
7 0.80 9.80 3.35 0.36 4.03  55.11 64.96
8 0.80 14.70 4.93 0.36 3.66 55.14  64.39
9 0.80 19.60 6.52 0.36 3.07 56.88  58.12
10 0.80 24.50 8.11 0.36 291 5737  53.65
11 1.60 4.90 1.77 0.72 3.74 5590  63.46
12 1.60 9.80 3.35 0.72 3.83 55.00 6543
13 1.60 14.70 4.93 0.72 349 5648  60.09
14 1.60 19.60 6.53 0.72 3.18  54.71 54.92
15 1.60 24.50 8.11 0.72 2.83  54.82  49.02
16 3.20 4.90 1.77 1.44 351 5442 63.99
17 3.20 9.80 3.35 1.44 336 5540  61.12
18 3.20 14.70 4.93 1.44 340 55.61 59.34
19 3.20 19.60 6.53 1.44 3.07 57.07 5944
20 3.20 24.50 8.11 1.44 277 57.00  57.07
21 4.80 4.90 1.77 2.15 2.82 5494 5743
22 4.80 9.80 3.35 2.15 2.81 5397 5812
23 4.80 14.70 4.93 2.15 294 5426 5875
24 4.80 19.60 6.52 2.15 2.82 5553  56.88
25 4.80 24.50 8.11 2.15 2,50 57.02  53.00

ncludes sodium ion added by 0.45 g/l sodium chloride or 0.18 g/l sodium ion.

The results shown in Table 7 indicate that increased potas-
sium levels caused the growth and yield of DHA for C. cohnii
to be comparable to that achieved at high chloride levels. The
enhancement effect in this Example appeared at 0.8 g/1 potas-
sium sulfate, the second-lowest level tested, and thereafter
was relatively insensitive to the amounts of potassium sulfate.
At the highest levels of potassium sulfate tested, 4.8 g/1, there
appeared to be a slight decline in yield. Growth and DHA
yield also appeared relatively insensitive to the amount of
sodium sulfate used, however, growth and yield dropped
slightly as increasing amounts of sodium sulfate were used,
starting at about 19.6 g/l sodium sulfate. The best combina-
tions based on the amount of DHA in g/ were those using:
0.8 g/l K,SO, and 9.8 g/l Na,SO,, representing a 5x
increase of potassium and a 2x increase of sodium over the
normal Low Chloride-SSM (described in Example 3);and 1.6
g/L K,80, and 9.8 g/l Na,SO,, representing a 10x increase
of potassium and a 2x increase of sodium over the normal
Low chloride-SSM (described in Example 3).

EXAMPLE 8

This Example demonstrates enhancement of growth of C.
cohnii and production of DHA using media containing a
range of potassium sulfate, 0.32 g/1,0.64 g/1,0.96 g/1,1.28 g/1,
1.60 g/1, and 1.9 g/l and sodium sulfate at 4.9 g/ and 9.8 g/1.

Low chloride SSM was prepared in the manner described
in Example 7, and all cultures were grown as described in
Example 4. The results are presented in Table 8.
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Comparison of the biomass, % DHA, % Fat, and DHA yield obtained for
C. cohnii grown in media with varying concentrations of potassium sulfate
and sodium sulfate

% Fat
% DHA in Sodium
g/L g/l DW  infat biomass ion! Potassium
Flask X,SO, Na,SO, gL (wt/wt) (wtwt) (g/l) ion (g/1)

1 0.32 490 322 57776  75.22 1.77 0.14

2 0.32 9.80 3.05 57.61 66.15 3.35 0.14

3 0.64 4.90 349 58.66 6145 1.77 0.29

4 0.64 9.80 347 5850 @ 63.22 3.35 0.29

5 0.96 490 343 5845  59.98 1.77 0.43

6 0.96 9.80 3.66 5191 58.03 3.35 0.43

7 1.28 490 3.51 5872 5867 1.77 0.57

8 1.28 9.80  3.67 56.93  75.09 3.35 0.57

9 1.60 490 332 57.16  65.76 1.77 0.72
10 1.60 9.80  3.57 56.89 6211 3.35 0.72
11 1.90 4.90 336 56.15  59.95 1.77 0.85
12 1.90 9.80 354 5474  60.42 3.35 0.085

Includes sodium ion added by 0.45 g/l sodium chloride or 0.18 g/l sodium ion.

Results shown in Table 8 showed that the optimum DHA
yield occurs with concentrations of K,SO, at 1.28 g/I.and 9.8
g/l Na,SO,. The results shown in Table 8 indicate that the
effect of additional potassium can be seen at potassium sul-
fate levels as low as 0.32 g/l and appear relatively constant
through 1.90 g/1. Growth and yield are relatively insensitive to
sodium sulfate levels o' 4.9 g/l or 9.8 g/1.

EXAMPLE 9

The following Example describes subculturing C. cokniito
obtain a strain that is adapted to growth at pH 5.

C. cohnii Strain T-HF was cultured in shake flasks in the
manner described in Example 4, in media described in
Example 1, except that the pH of the media upon the start of
culture was pH 5. After 7 days, an inoculum from the culture
was used to start a new culture at pH 5 under the same
conditions. Initially the growth at pH 5 was slow, but after
multiple transfers, the DHA yield began to improve and over
time has approached the yield seen from cultures grown at pH
6.3, resulting in a low pH strain. See FIG. 1. It was noted that
the pH of'the culture at the end of the 7 day growth period was
5.4. Attempts to adapt the strain using buffers citrate, malate,
acetate, and lactate were unsuccessful due to those buffer’s
toxic effect on Strain T-HF.

The low pH strain was then grown in the pH 5 media
described above, but pH was kept at 5.0. The low pH adapted
strain grew equally well at pH 5 and at pH 5.4.

EXAMPLE 10

The following Example describes a comparison of DHA
yields from C. cohnii Strain T-HF grown at pH 63 and 2730
ppm chloride ion media and the low pH strain at pH 5 in 1000
ppm chloride ion media.

C. cohnii Strain T-HF was grown as described in Example
4 in media as described in Example 1. C. cohnii strain was
grown in low chloride media as described in Example 2, with
potassium sulfate and sodium sulfate added. Each experiment
was run in duplicate, and all flasks were harvested daily to
determine the kinetics of DHA yield. The results are shown in
FIG. 1. FIG. 1 shows that the kinetics of DHA yield were
nearly identical under the two different media conditions.

EXAMPLE 11

The following Example describes efforts to adapt C. cohnii
Strain T-HF to growth at pH 4.5 in 2730 ppm chloride ion
medium.
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C. cohnii Strain T-HF was grown in the manner described
in Example 10, with the exception that the media was adjusted
to pH 4.5 and half of the MSG was replaced with lysine, while
maintaining a constant level of organic nitrogen in the media.

After repeated culturing, yields of DHA of about one-third
of'yields seen at pH 5 or pH 6.3 were obtained.

EXAMPLE 12

The following Example describes efforts to define condi-
tions for C. cohnii growth and DHA vyields at pH 4.5 by
manipulating potassium concentrations.

A. Factorial experiments were performed at pH 4.5 at 2.73
g/1 chloride ion to assess the eftect of potassium ion (0.16 g/1
t0 3.2 g/1). The results showed that higher levels of potassium
ion increased the DHA yield to approximately two-thirds of
yields obtained for C. cohnii at pH 6.3 with the media as
described in Example 1.

B. A factorial experiment was run in the manner described
in Part A, above, with the exception that the chloride ion levels
were held constant at 1.0 g/1. The results showed that higher
levels of potassium ion increased the DHA yield to approxi-
mately two-thirds of yields obtained for C. cohnii grown at
pH 6.3 with the media as described in Example 1. The DHA
yields obtained at 2.73 g/l chloride ion (described in Part A,
above) and at 1.0 g/l chloride ion were comparable.

EXAMPLE 13

This Example describes a time course experiment compar-
ing yields of DHA obtained using the pH 4.5 strain described
in Example 12 and Strain T-HF at pH 6.3, 1.0 g/1 chloride ion.

The pH 4.5 strain of Example 12 was grown in low chlo-
ride, pH 4.5 media as specified in Table 9 in shake flasks after
the manner described in Example 4. C. cohnii Strain T-HF
was grown in the manner described in Example 4 using the
media described in Example 1. Inoculum for the pH 4.5
experiment was prepared at pH 4.5, and amounts of inoculum
were estimated due to clumping of the cells at pH 4.5.

TABLE 9

Low chloride, pH 4.5 media

Amount  Amount  Amount
chloride potassium  sodium
Final ion added ionadded ion added
Compound Concentration (g/D) (g/l) (g/D)
CaCl,—2H,0 0.3 gl 0.09
MgSO,—T7H,0 1.25 g/l
NaCl 1.41 0.86 0.55
MES 10.7 g/l
MSG 0.75 g/l
Tastone 154 0.5 g/l
Lysine-HCI 0.37
KH,PO, 0.014 g/l 0.004
K,80, 0.15 0.07
Na,SO, 3.46 1.12
CuS0,—5H,0 0.15x 107 g/l
H;3BO, 10x 1072 g/l
MnCl,—4H,0 4.5x 1072 g/l negligible
ZnS0,—7H,0 03x 1073 g/l
NaOH (to 1.16 g/l 0.67
adjust
pHto 6.3)
FeCl,! 6x 1072 g/l negligible
Thiamine? 1x1072 g/l
Biotin? 2x107° g/l
glucose? 50 g/l
total of 0.30 0.08 0.74
each ion
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Flasks were harvested daily to determine the kinetics ofthe
DHA yield. The results of the experiment (FIG. 2) indicated
that the DHA yield at pH 4.5 was always lower than at pH 6.3,
but the rate of increase in the DHA yield as a function of time
was about the same at each pH. This suggests that at pH 4.5
the culture is able to accumulate DHA at the same rate as the
culture at pH 6.3, however, a lag existed in the DHA yield in
cultures grown at pH 4.5 compared to pH 6.3.

This result shows that given extra time, i.e. approximately
24 hours, the DHA yield at pH 4.5 was the same as at pH 6.3.
It was not clear whether the lag was caused by a delay in the
DHA accumulation at pH 4.5, and as a result, the pH 4.5
culture always had a DHA yield that was lower than the pH
6.3 culture of the same age, or whether the lag was caused by
the pH 4.5 culture not receiving an equivalent amount of
inoculum. At pH 4.5, the Strain T-HF cells clump such that it
is not possible to get an accurate cell count of the culture, and
the amount of inoculum to use must be estimated. Therefore,
it is possible that the pH 4.5 culture received less inoculum
and therefore caused an apparent lag in the kinetics of DHA
yield.

Regardless, these data indicated that by using the low pH
adapted C cohnii strain and the instant culture media at pH
4.5, the same DHA yield can he achieved as the culture
medium at pH 6.3, if culturing time is extended.

EXAMPLE 14

Further optimization of the ion concentrations described in
Example 13 above and further subculturing of C. cohnii
Strain which has been adapted to pH 5, using techniques
described in Example 10, are carried out to decrease the lag
time, resulting in 7-day DHA yields at pH 4.5 which are
comparable to the yields obtained for C. coknii grown at pH
6.3 with the media as described in Example 1.

The principles, preferred embodiments and modes of
operation of the present invention have been described in the
foregoing specification. The invention which is intended to be
protected herein should not, however, be construed as limited
to the particular forms disclosed, as these are to be regarded as
illustrative rather than restrictive. Variations and changes may
be made by those skilled in the art without departing from the
spirit of the present invention. Accordingly, the foregoing
best mode of carrying out the invention should be considered
exemplary in nature and not as limiting to the scope and spirit
of the invention as set forth in the appended claims.

We claim:
1. A method of producing docosahexaenoic acid (DHA),
comprising:
culturing a heterotrophic microalga in a culture medium,
wherein the culture medium comprises:
chloride ions at a concentration ofless than or equal to 3
g/L;
potassium ions at a concentration of 1.5 g/IL to 10 g/L;
and
recovering DHA-containing lipid from the microalga.
2. The method of claim 1, wherein the concentration of
chloride ions is less than or equal to 2 g/L..
3. The method of claim 1, wherein the concentration of
chloride ions is less than or equal to 1 g/L..
4. The method of claim 1, wherein the concentration of
chloride ions is less than or equal to 0.3 g/L..
5. The method of claim 1, wherein the concentration of
potassium ions is 1.5 g/L. to 4 g/L..
6. The method of claim 1, wherein the concentration of
potassium ions is 1.5 g/l to 3 g/L..
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7. The method of claim 1, wherein the concentration of
potassium ions is 1.5 g/I. to 2.4 g/L..

8. The method of claim 1, wherein the concentration of
potassium ions is 1.5 g/I. to 2 g/L..

9. The method of claim 1, wherein the culture medium
further comprises sodium ions at a concentrationof'1 g/[.to 8
g/L.

10. The method of claim 1, wherein the culture medium
further comprises sodium ions at a concentrationof'1 g/[.to 8
g/L, and wherein the pH is less than or equal to 5.

11. The method of claim 1, wherein the culture medium
further comprises sodium ions at a concentration of 1.5 g/l to
5 g/L., and wherein the pH is 4.5.

12. The method of claim 1, wherein a source of potassium
comprises potassium sulfate.

13. The method of claim 1, wherein the microalga produces
at least 0.10 g DHA per 10° cells.

14. The method of claim 1, wherein the microalga produces
at least 0.20 g DHA per 10° cells.

20

15. The method of claim 1, wherein the culture medium
further comprises sodium ions and the ratio of sodium ions to
potassium ions is less than or equal to 15:1.

16. The method of claim 1, wherein the culture medium
further comprises sodium ions and the ratio of sodium ions to
potassium ions is less than or equal to 4:1.

17. The method of claim 1, further comprising recovering
DHA from the DHA-containing lipid.

18. The method of claim 1, wherein the microalga is of the
genus Dinophyceae.

19. The method of claim 1, wherein the microalga is of the
genus Crypthecodinium.

20. The method of claim 1, wherein the microalga is of the
species Crypthecodinium cohnii.

21. The method of claim 1, wherein the culture medium
further comprises sodium ions, wherein a ratio of sodium ions
to potassium ions is less than or equal to 27:1.

22. The method of claim 1, wherein the microalga produces
at least 0.04 g DHA per 10° cells.

#* #* #* #* #*



